Abstract. Epithelial ovarian cancer (EOC) is the most lethal gynecological malignancy. LIN28 homolog A (LIN28A) is a RNA-binding protein, which serves a fundamental role in cell development and pluripotency. Polo-like kinase 4 (PLK4) is a member of the polo-like kinase family, which primarily takes part in the mitotic regulation. Overexpression of LIN28A has been demonstrated in ovarian cancer; however, the expression of PLK4 and the correlation between the expression of LIN28A and PLK4 in EOC has not been discussed. In the present study, the mRNA and protein levels of LIN28A and PLK4 were evaluated by reverse transcription-quantitative polymerase chain reaction and immunohistochemistry in ovarian tissues of patients. Results demonstrated significantly increased expression in EOC compared with benign epithelial ovarian tumors. High expression of LIN28A and PLK4 was detected at the advanced pathological stage. Furthermore, PLK4 expression was positively correlated with LIN28A (r=0.555; P=0.039). The median survival analysis of patients with EOC with LIN28A and PLK4 double positive expression was 14 months, compared with 30 months in single positive and 60 months in double negative patients by Kaplan-Meier analysis (P<0.05). The expressions of LIN28A and PLK4 was elevated in different EOC cell lines compared to with a normal ovarian cell line. The 293T cells transfected with LIN28A plus a PLK4 plasmid were the fastest-growing group. These results suggest that co-expression of LIN28A and PLK4 may be associated with poor prognosis of EOC and could serve as promising prognostic biomarkers and therapeutic targets in EOC. LIN28A and PLK4 may be used along with traditional morphological and clinical characteristics for predicting prognosis.
Introduction
Ovarian cancer incidence ranks second among gynecological cancers in women; while the mortality rate is the highest, accounting for >151,000 mortalities annually (1) . Due to the anatomical location of the ovaries, deep within the pelvis, no obvious clinical symptoms are observed in the early stage of the disease (2); thus, 70-80% of women have reached an advanced stage by the time of diagnosis, with peritoneal diffusion or distant metastasis. This brings great challenges for the treatment of ovarian cancer (3) . Ovarian cancer can be categorized into epithelial and non-epithelial groups. Epithelial ovarian cancer (EOC) accounts for 85-90% of ovarian cancers (4) . Despite the initial therapeutic strategy of cytoreductive surgery combined with platinum or taxane chemotherapy, >60% of patients still experience relapse and resistance. Platinum sensitivity is considered to be an important factor of prognosis. Of the patients with advanced ovarian cancer, ~80% have recurrence within 3 years and die within 5 years (5) . Therefore, a better understanding regarding the mechanism of EOC progression, reliable prognostic markers, therapeutic targets and combination therapies are required.
Cancer stem cells (CSCs), which typically accounts for 0.01-1.0%, are reported to be the main source of the recurrence of EOC (6) . Therefore, the use of CSC markers is proposed for prognostic diagnosis. In previous years, LIN28 homolog A (LIN28) protein has increasingly been considered as a special kind of stem cell factor that blocks the correct High LIN28A and PLK4 co-expression is associated with poor prognosis in epithelial ovarian cancer post-transcriptional processing of the let-7 microRNA (miR) family and mRNAs involved in cell growth and metabolism to maintain stem cell activity (7, 8) . LIN28 is a highly conserved RNA-binding protein that is currently only established to be present in eukaryotic cells, and there are two homologues, LIN28A and LIN28B. The LIN28 protein homolog has two common RNA binding domains, a pair of retroviral type of CCHC zinc finger proteins and a cold shock region (9) . LIN28 protein is mainly expressed in the cytoplasm and under different metabolic pressures it is expressed in embryonic cancer cells and myoblasts. LIN28 is localized in the nucleus, when the RNA-binding region is mutated (10) . High LIN28A levels are correlated with advanced human malignancies. LIN28 can influence the development of tumors by direct or synergistic effects on the expression of various oncogenes, including erb-b2 receptor tyrosine kinase 2 (HER2) and high mobility group AT-hook 1 (HMGA1) in breast cancer (11) . In ovarian cancer, LIN28 can increase the growth of ovarian cancer cells by promoting the expression of bone morphogenetic proteins and POU class 5 homeobox 1 (Oct4). The co-expression of LIN28 and Oct4 frequently suggests poor prognosis in ovarian cancer (12, 13) . Our previous microarray data has suggested that the expression of LIN28A was significantly increased in A2780 cells compared with the normal human ovarian epithelial cell line, HOSEPIC (unpublished data). Polo-like kinases (PLKs) are a family of serine-threonine kinases that are involved in various cell cycle-associated processes, including DNA replication, mitosis, and centrosome maturation. Currently, five members of the PLK family have been identified, and they contain a highly conserved N-terminal kinase domain and C-terminal polo box domain (14) . Abnormal expression of PLKs as been observed in multiple types of cancer. It is well established that PLK1 is increased in a broad range of cancer tissues, including colorectal cancer, hepatocellular carcinoma, non-small cell lung cancer and gastric adenocarcinoma (15) . PLK1 overexpression is correlated with the progression of several types of cancers, and PLK1 inhibitors have been tested in clinical trials (16) . In an early study, overexpression of PLK1 in ovarian cancer was associated with high-grade cancer. PLK4 has a key role in centriole replication, while PLK4 inhibition has been considered as a potential approach to treat chromosomally unstable cancer including prostate cancer, by disrupting mitosis (17) . High PLK4 expression was also detected in certain gynecological tumors. The levels of PLK4 mRNA was significantly higher in breast cancer tissues compared with normal breast tissues (18) . High PLK4 expression is associated with poorer prognosis and increased resistance to taxane-based neoadjuvant chemotherapy (19) . However, little is known about the importance of PLK4 in ovarian cancer. Whether PLK4 has the potential to be a prognostic factor in ovarian cancer and a predictor of response to chemotherapy needs to be examined. Both LIN28A and PLK4 can regulate a dual specificity phosphatase, cell division cycle 25 (Cdc25), which has three isoforms, Cdc25A, Cdc25B and Cdc25C. Cdc25 is a key mediator in driving the cell cycle by activating cyclin dependent kinase complexes. It also acts as an effector of DNA damage checkpoints. LIN28A can regulate the expression level of Cdc25A, which is dependent on let-7 (13). PLK4 phosphorylates Cdc25C, resulting in translocation to the nucleus, triggering mitosis (20) .
To the best of our knowledge, no study has examined the expression of PLK4 in ovarian cancer. Therefore, in the present study, the expression patterns of LIN28A and PLK4 were investigated in ovarian cancer tissues and cell lines using reverse transcription-quantitative polymerase chain reaction (RT-qPCR), western blotting and immunohistochemistry. Furthermore, the correlation between LIN28A and PLK4, and their association with clinical features, were examined. Im m u n ohistochem ist r y (IH C) a ss a ys. For I HC, paraffin-embedded sections (5-µm in thickness) were deparaffinized in graded alcohol (70-100%), and 100% xylene at room temperature. The sections were then immersed in 10 mM sodium citrate buffer and antigens were retrieved by microwaving for 30 min. Sections were quenched in 3% H 2 O 2 for 15 min and blocked with 5% normal goat serum (OriGene Technologies, Inc., Beijing, China) at room temperature for 1 h. The sections were incubated overnight at 4˚C with the primary antibodies diluted in 1:100 ratio. The sections were then incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (cat. no. TA140003; OriGene Technologies, Inc.) at room temperature for 1 h. Then, 5% 3,3'-diaminobenzidine tetrahydrochloride solution (OriGene Technologies, Inc.) was added for 1-3 min at room temperature. The nuclei were counterstained with 1% hematoxylin for 3 min at room temperature. The sections were dehydrated and covered with a coverslip using permount. The images were captured with a light microscope (DP70, Olympus Corporation, Tokyo, Japan). The IHC staining score was graded according to the staining intensity and area extent and evaluated by two pathologists who were blinded to the clinicopathological variables. A semiquantitative assessment was used to describe the percentage of positive stained cells. The IHC staining was scored as negative (no cells stained) and positive (+, <25% positive cells; ++, 25-50% positive cells; +++, >50% positive cells).
Materials and methods

Human
Cell lines. The human ovarian surface epithelial cell line (HOSEPIC) were provided by from Professor Genbao Shao, OVCAR-3 from Professor Xiaoming Zhou, SKOV3, 3AO, A2780 and HO8910 from Professor Xiaodong Lu and 293T cells from Professor Wenrong Xu (all Jiangsu University, Zhenjiang, China). Cells were maintained in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified 5% CO 2 atmosphere. Plasmids pSin-EF2-Lin28-Pur and pWZL-Neo-Myr-Flag-PLK4 were purchased from Addgene, Inc. (Cambridge, MA, USA). Plasmids were transfected using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Briefly, 293T cells were seeded at 3x10
5 per well into 6-well plate and were transfected with 2 µg pcDNA3.1 empty vector, LIN28A plasmid, PLK4 plasmid independently or co-transfected with 2 µg LIN28A plus PLK4 plasmids, respectively. Cells were harvested 24 and 48 h post-transfection for the evaluation of mRNA and protein expression. A hemocytometer was used to count total cell number.
RT-qPCR. Total RNA was extracted using TRIzol reagent (Takara, Bio Inc., Otsu, Japan; cat. no. 9109). RNA (1 µg) was reverse transcribed into cDNA with PrimeScript™ RT Reagent kit (Takara Bio Inc.; cat. no. RR037A; 37˚C for 15 min, 85˚C for 5 sec). Human β-actin RNA was used as an internal control. Primers for LIN28A and PLK4 are as follows: LIN28A forward, 5'-AGG CGG TGG AGT TCA CCT TTA AGA-3' and reverse 5'-AGC TTG CAT TCC TTG GCA TGA TGG-3'; PLK4 forward, 5'-AAT CAA GCA CTC TCC AAT C-3' and reverse, 5'-TGT GTC CTT CTG CAA ATC-3'; β-actin forward, 5'-GTT GCG TTA CAC CCT TTC TTG-3' and reverse, 5'-CAC CTT CAC CGT TCC AGT TT-3'. Gene expression levels were evaluated by qPCR with SYBR Premix (Takara Bio, Inc.; cat. no. RR820A), using the 2 -ΔΔCq method (22) . Statistical analysis. SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Results from at least three separate experiments were expressed as the mean ± standard deviation. Statistical differences between multiple groups were assessed by one-way analysis of variance followed by Tukey's post-hoc test. A t-test was used for comparison between two groups. Differences between the groups were estimated using the χ 2 test. Spearman's rank correlation test was used to analyze the association between the two proteins. Kaplan-Meier curves were utilized to assess patient survival period, and statistical significance in the survival period between the patient groups were analyzed using log-rank test. Cox's proportional hazards model was used for univariate and multivariate analysis. P<0.05 was considered to indicate a statistically significant difference.
Reagents and antibodies.
Results
High expression of LIN28A and PLK4 in human EOC.
RT-qPCR was first used to analyze the mRNA levels of LIN28A and PLK4 in the EOC tissues, and compared the levels with benign ovarian tissues. The mRNA levels of LIN28A in the EOC group were significantly increased compared with the benign group (P<0.05), and similar results were observed for PLK4 (P<0.01; Fig. 1 ). The protein expression of LIN28A and PLK4 in different ovarian tissues was further studied using IHC staining (Fig. 2) . Results identified no expression of LIN28A protein and PLK4 in the benign ovarian tissues. However, positive expression of LIN28A and PLK4 was demonstrated in 9 of 48 cases (18.8%) and 13 of 49 cases (27.1%), respectively, in the EOC tissues. Pearson's χ 2 test revealed that the EOC group had increased expression of LIN28A and PLK4 compared with the benign ovarian tissues (P<0.05; Table I ). Therefore, these data suggest increased expression of LIN28A and PLK4 in human EOC specimens.
Association of LIN28A and PLK4 with clinicalpathological parameters. The clinicopathological features of EOC, including patient age, pathological stage and histological type, were collected and then the association of LIN28A and PLK4 levels with these clinical parameters was determined. The expression of LIN28A and PLK4 was not associated with age and tissue type (P>0.05); whereas LIN28A and PLK4-positivity was significantly associated with pathological stage (FIGO staging; P<0.05; Table II ). The cancer specimens included 15 cases at stage I, 12 at stage II, 20 t stage III and 1 at stage IV. Histological type was confirmed by microscopic examination of hematoxylin and eosin-stained slides, and demonstrated that 37 cases were serous carcinoma and 11 cases were mucinous carcinoma (Table II) . These results suggest that the expression of LIN28A and PLK4 was significantly increased at stages III/IV compared with I/II.
Correlation between LIN28A and PLK4 in EOC. Since both LIN28A and PLK4 can regulate G2/M cell cycle substrate Cdc25, and are positively expressed in EOC, the Spearman's rank correlation test was used to analyze the association between the two proteins. IHC results demonstrated that the expression of the PLK4 protein was positively correlated with the expression of LIN28A protein (r=0.555, P=0.039; data not shown). This suggested increased expression of PLK4 protein was correlated with the increased expression level of the LIN28A protein.
Correlation of LIN28A and PLK4 co-expression with poor prognosis. A total of 48 EOC patients were followed up for 7-70 months, and the median follow-up period was 33 months. At the end of the follow-up period, a total of 30 patients survived and 18 patients died. The survival time of patients A single factor logistic regression analysis was performed to assess the prognosis factors of patients with EOC. Results demonstrated that LIN28A [odds ratio (OR)=11.667, P=0.004, 95% confidence interval (CI)=2.050-66.408)], PLK4 (OR=5.400, P=0.018, 95% CI=1.375-21.205) and pathological stage (OR=10.000, P=0.026, 95% CI=0.972-102.868) were considered as significant prognostic factors for EOC. Multivariate Cox regression analysis demonstrated that there was no independent risk factor for the prognosis of patients with EOC. However, co-expression of LIN28A and PLK4 indicates poor prognosis (Table III) .
Expression of LIN28A and PLK4 in ovarian cell lines.
To confirm the role of LIN28A and PLK4 in EOC, the expression of LIN28A and PLK4 were determined in normal human ovarian epithelial cells, HOSEPIC, and other human EOC cell lines, including 3AO, A2780, HO8910, OVCAR-3 and SKOV3 via RT-qPCR. The results of RT-qPCR demonstrated that the expression level of LIN28A in A2780 and HO8910 was significantly increased compared with the HOSEPIC cell line (P<0.001), and the expression level of LIN28A was highest in the A2780 cell line, which may be associated with the growth rate ( Fig. 4A and B) . Compared with HOSEPIC, LIN28A Figure 3 . Kaplan-Meier survival curves for LIN28A and PLK4 expression in epithelial ovarian cancer. The overall survival of patients with LIN28A-negative and PLK4-negative (double negative), LIN28A-positive or PLK4-positive (single positive), and PLK4-positive and LIN28A-positive (double positive) expression was plotted. The survival time is known to be longer than the observed deleted time, since the survival includes discontinued follow-up and mortality by other causes. Deleted indicates that the patients' survival time is unknown. Cum, cumulative; PLK4, Polo-like kinase 4; LIN28A, LIN28 homolog A. Table I . LIN28A and PLK4 expression in different ovarian tissues. Table II . Association between LIN28A and PLK4 expression and clinical variables. expression in SKOV3, 3AO and OVCAR-3 cell lines exhibited no statistical significance. The expression level of PLK4 was significantly increased in the A2780 cell line compared with the HOSEPIC (P<0.001). Also, the expression of PLK4 in SKOV3 and HO8910 cell lines was significantly increased compared with HOSEPIC (P<0.05). No significant difference was observed in the 3AO and OVCAR3 cell lines compared with HOSEPIC.
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To further confirm the expression of LIN28A and PLK4 mRNA in EOC, the protein expressions of LIN28A and PLK4 was evaluated in EOC cell lines. Results demonstrated that the expression of LIN28A and PLK4 proteins in A2780 cells significantly increased in the A2780 cells (P<0.001; Fig. 4C-E) . However, the expression of LIN28A in SKOV3, 3AO and OVCAR-3 cell lines compared with HOSEPIC exhibited no significant difference (Fig. 4D) . The expression of the PLK4 protein in A2780, HO8910 and SKOV3 was increased compared with in normal epithelial cell line (Fig. 4E) . Therefore, both RT-qPCR and western blotting results indicate high expression of LIN28A and PLK4 in EOC cell lines, particularly in A2780 cells.
To investigate the association between LIN28A and PLK4, 293T cells were transfected with a LIN28A plasmid, PLK4 plasmid or co-transfected with LIN28A and PLK4 plasmids. The level of LIN28A in the PLK4 transfected group and the PLK4 + LIN28A co-transfected group were significantly increased compared with in the control group (P<0.05; Fig. 5 ). The level of PLK4 in the PLK4 + LIN28a co-transfected group was significantly increased compared with the control group (P<0.001); whereas, there was no significant difference in PLK4 expression between the transfected LIN28A group and the plasmid control group (Fig. 5) . These results indicate that PLK4 can promote the expression of LIN28A, suggesting an association between PLK4 and LIN28A; but the specific association between them and the mechanism of interaction needs to be investigated further.
LIN28A and PLK4 are associated with cell cycle proliferation, and therefore, the proliferation of cells transfected with LIN28A and PLK4 was examined. 293T cells were transfected with the LIN28A plasmid, PLK4 plasmid or co-transfected with LIN28A and PLK4 plasmid. The cell morphology and density were evaluated under a microscope and the number of cells was counted. Transfection of plasmids demonstrated little effect on cell morphology, however, the number of cells transfected with PLK4 and co-transfected with LIN28A plus PLK4 groups were significantly increased compared with the control group (P<0.05; Fig. 6 ). The number of cells in the LIN28A group exhibited no difference between the transfected cells and the non-transfected cells (P>0.05). 
Discussion
The role of LIN28A has been reported in a range of solid and hematological malignancies, especially in aggressive and undifferentiated tissues (9) . In the present study, it was confirmed that LIN28A was highly expressed in A2780 and HO8910 cell lines. Furthermore, the expression of LIN28A was significantly increased in EOC compared with benign ovarian tissues. The results of the present study demonstrated that high LIN28A expression was a predictor of poor prognosis in EOC. It has been reported that RNA binding protein, LIN28A/LIN28B, negatively regulates let-7 through its RNA-binding domains, and loss of let-7 expression was associated with high-grade serous ovarian cancer (23) . Aside from let-7, other miRNAs, including miR-26a, miR-181, miR-9, miR-30, miR-125, miR-212 and miR-27, were predicted to bind with the 3'untranslated region of LIN28 (24) . Further investigation of the functional role of these miRs in ovarian cancer is required. Furthermore, exosomes secreted from the ovarian cell line, IGROV1, that has high LIN28A expression, induced 293 cell invasion and migration (25) . Typically, more than one oncogenic pathway is involved in cancer progression, LIN28A contributes to the progression of breast cancer by regulating the translation of a number of oncogenes, including HER2 and HMGA1 (13) . LIN28A was reported to coordinate WNT signaling to promote intestinal and colorectal adenocarcinoma invasion (26) . Furthermore, high LIN28A expression was reported to be correlated with mammalian target of rapamycin (mTOR) activation by suppressing the let-7 family of miRs in an embryonal tumor with multilayered rosettes (27) . Knockdown of LIN28A led to decreased mTOR activation in atypical teratoid/rhabdoid tumors (28) .
In addition to regulating diverse cell functions at a transcriptional level, LIN28A binds to a consensus DNA sequence near transcription start sites and regulates associated gene expression through epigenetic DNA modification (29) .
The DNA binding function of LIN28A was associated with the recruitment of 5-methylcytosine dioxygenase TET1, influencing the DNA demethylation process at gene bodies.
PLK4 is localized to a microtubule-based structure in centrosomes, called centrioles, and controls cell cycle processes, including centriole duplication and spindle assembly (30) . Aberrant expression of PLK4 has been reported in a number of different cancer types of different tissues through regulating centrosome amplification, causing chromosome instability and aneuploidy (31, 32) . Recently, Rosario et al (33) suggested that PLK4 has a role in regulating cell spreading and mobility in cancer progression. PLK4 promotes cancer invasion and metastasis involved via actin-related protein 2/3 complex-mediated cytoskeletal rearrangement (34) . In the current study, the expression of PLK4 protein in A2780, HO8910 and SKOV3 cell lines was increased compared with normal epithelial cells. PLK4 expression was abnormally high in stage III/IV and could serve as a prognostic marker in EOC. The deregulation of PLK4 was shown to trigger growth interest in anti-cancer drug development (35) . CFI-400945 is a potent PLK4 inhibitor that controls the number of centrosomes, and is efficient and well tolerated in animal models of breast and ovarian cancer (36) . The FDA has approved the fumarate of CFI-400945 for breast cancer treatment in phase I clinical trials (35) .
However, PLK4 downregulation was observed in hepatocellular carcinoma (HCC) tissues and HCC cell lines (37) . The occurrence of spontaneous liver and lung tumors in PLK4 haploinsufficiency mice was >15 times compared with wild type mice (38) . Decreased PLK4 was associated with enhanced promoter methylation of PLK4 CpG islands (39) . PLK4 is susceptible to aberrant DNA methylation with age and in a number of other tumor types. However, hypermethylation of PLK4 occurred in a p53 dependent manner.
The present study demonstrated that LIN28A is positively correlated with PLK4. Both LIN28 and PLK4 promote cell proliferation in solid tumors. Co-transfection of cells with LIN28 and PLK4 resulted in faster growth compared with transfection with LIN28 or PLK4 in 293T cells. LIN28A and PLK4 regulate Cdc25 phosphatase, which is important for cell cycle transition and DNA damage. It is observed that Cdc25 is frequently altered in a variety of types of human cancer (40) . It was demonstrated that high expression of Cdc25A and Cdc25B is associated with poor prognosis in patients with ovarian cancer, while Cdc25C is undetected in the majority of patients (41) . The expression of Cdc25C may be regulated by other proteins. PLK4 was predicted to be the target of LIN28 as detected by RNA-protein immunoprecipitation coupled with genome-wide sequencing technique (42) . Further examination is required to determine whether LIN28A interacts with PLK4 directly or indirectly.
EOC is highly heterogeneous, including several histological subtypes, and the recurrence rate for patients with advanced stages of disease is high (43) . Therefore, the understanding of the molecular mechanisms of EOC is difficult, and only few biomarkers are effective for EOC. Over the past decade, carbohydrate antigen-125 (CA125) has served as a marker in first line screening for EOC. CA125 is recommended as a common marker for patients with serious EOC, but has low sensitivity and specificity in the early stage of disease. Secretory protein 4 (HE4) has been reported to have increased specificity compared with CA125 (44) . The Risk of Ovarian Malignancy Algorithm, which combines HE4, CA125 and menopausal status of patients, is also utilized for the diagnosis of ovarian cancer (45) . Recently, somatic or germinal mutations of BRCA1 and BRCA2 genes served as novel biomarkers in EOC with better performance to predict patient survival (46) .
A number of drugs used for EOC treatment target mitotically active cells, therefore, inference with mitosis is important for anti-cancer treatment (47) . High expression of PLK4 indicates poor prognosis and a PLK4 inhibitor could be a potential anti-cancer agent, which may overcome the resistance to platinum-based chemotherapy. High expression of stem factor LIN28A is correlated with advanced grade EOC and may have impact on the selection of drug-resistant phenotype due to the heterogeneity (48) . The current study indicated that PLK4 and LIN28A co-expression could predict poor prognosis of EOC in stages III/IV. The most effective way to combine these biomarkers is dependent on more delicate clinical analysis and systemic models.
In conclusion, the present study demonstrated that PLK4 and LIN28A are overexpressed in ovarian cancer tissues and cell lines. High expression of LIN28A and PLK4 was correlated with high-grade pathological stage. There exists a positive association between LIN28A and PLK4. The survival period of patients with LIN28A and PLK4 double positive expression was significantly decreased compared with single positive or double negative patients (P<0.05). The results of the present study suggested that LIN28A and PLK4 may function as valuable prognostic biomarkers for EOC. However, the mechanism responsible for LIN28A and PLK4 interaction and its downstream effect requires further evaluation.
